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Abstract—We describe the dual-frequency and 
dual-polarization emission of a diode-pumped vertical 
external-cavity semiconductor laser at 852 nm dedicated to the 
coherent population trapping of cesium atoms. The output 
power reaches ∼20 mW on each frequency, with a frequency 
difference in the GHz range. 
 
Index Terms— metrology, semiconductor lasers, vertical 
cavity surface emitting lasers  
I. INTRODUCTION 
oherent population trapping (CPT) has been 
demonstrated as an interesting technique for miniature 
atomic frequency references and quantum information [1]. It 
is based on the coupling of the two hyperfine ground states 
of an alkali atom – namely cesium (
133
Cs) for atomic clocks 
– through excitation to a common atomic level by two 
phase-coherent laser fields nearly resonant with the atomic 
transitions. The frequency difference between the two laser 
fields is tuned at the atomic frequency splitting in the 
microwave range, equal to 9.192 GHz for 
133
Cs atoms. 
Output power in the mW range and narrow-linewidth 
emission (<500 kHz) are required for the two laser beams. 
The common solutions for the realization of the coherent 
pair of laser beams are sideband generation by microwave 
modulation of a single-frequency diode laser [2] and 
electronic phase-locking of two independent lasers [3]. 
Though the latter configuration is ideal from a metrological 
point of view, it requires a complex and costly wideband 
phase-locked electronics loop. As an alternative to these 
solutions, we propose the dual-frequency optically-pumped 
vertical-external-cavity semiconductor laser (OP-VECSEL), 
based on the simultaneous oscillation of two cross-polarized 
longitudinal modes in the same laser cavity. This 
configuration has been primarily investigated for the 
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generation of tunable optically-carried microwave sources; 
it has been demonstrated with diode-pumped solid-state 
lasers [4], and recently with an OP-VECSEL operating at 1 
µm [5]. 
Actually dual-frequency laser operation of an 
OP-VECSEL presents many advantages: first, the two laser 
fields experience strongly correlated frequency and intensity 
fluctuations, as they share the same cavity; second, the 
frequency difference, which is proportional to the 
intracavity phase anisotropy, may be tunable from few tens 
of MHz to a few THz. Additionally, centimeter-long-cavity 
OP-VECSEL do not present relaxation oscillations thanks to 
a class-A dynamical behavior, which results from a photon 
lifetime inside the laser cavity longer than the 
excited-carriers lifetime [6]. Thus the 
relative-intensity-noise (RIN) is low, shot-noise limited on a 
wide spectral range. Finally, single-frequency operation of 
OP-VECSEL with narrow spectral linewidth has already 
been established [7]. Dual-frequency OP-VECSEL emitting 
at the wavelength of a Cs transition would thus be an 
innovating solution with major potentials for miniature 
atomic clocks.  
In this work, we report for the first time the 
dual-frequency and dual-polarization operation of an 
OP-VECSEL emitting at 852.1 nm, with ∼20 mW power in 
each polarization. 
II. EXPERIMENTAL SETUP 
The semiconductor structure is designed for an emission at 
λL = 852 nm under barrier-pumping at λ ≤ 700 nm. The 
30 λ/4-thick active region is composed of seven 8-nm thick 
GaAs quantum wells, embedded between Al0.22Ga0.78As 
barriers [8]. The bottom Distributed Bragg Reflector (DBR) 
consists of 32.5 pairs of AlAs/Al0.22Ga0.78As λ/4-thick 
layers, and is reflectivity is evaluated to R > 99.95% at 852 
nm. The active structure is grown on a 350 µm-thick GaAs 
substrate. A 20 nm-thick In0.48Ga0.52P top layer protects the 
structure from oxidation; a λ/4-thick Si3N4 anti-reflection 
coating suppresses the Fabry-Perot resonance of the 
semiconductor chip and increases the pump transmission. 
With a similar chip, more than 300 mW was already 
obtained under 1 W-pumping at T = 0 °C [8]. 
 The pump source is 2 W-broad-area laser diode emitting 
at 670 nm coupled into a 100 µm diameter, NA = 0.22, 
multimode fiber. The optimal beam size regarding the 
output power was measured to be ∼80 µm for this structure 
[8]. For this reason the pump beam was imaged with two 
aspherical lenses of f1 = 11 mm and f2 = 8 mm under a 45° 
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angle yielding an 80 µm × 120 µm-elliptical spot on the 
structure. 
 
Fig. 1. Experimental setup for the OP-VECSEL (right) and the laser and 
pump beam superposition on the chip surface (left). 
 The laser cavity design has focused on compactness as 
well as high mechanical and thermal stability. The cavity 
length is L ≅ 24 mm, resulting in a free spectral range FSRC 
= 6 GHz = 14 pm. The output coupler is a spherical mirror 
with a radius of curvature Rc = 25 mm and a transmission T 
= 0.5 % at 852 nm (Fig. 1). It is glued on a piezo-electric 
transducer (PZT) for the fine adjustment of the cavity 
length. The laser beam diameter is ∼70 µm in the structure, 
which allows a good overlap between the pump and the 
laser beam. The semiconductor chip is fixed on a 
thermoelectric TO3-like module, whose temperature is 
controlled at 15°C. The pump optics, the semiconductor 
chip and the laser cavity elements are integrated in a 
compact 70 mm ×70 mm × 60 mm aluminium casing. This 
effectively limits mechanical and acoustic vibrations as well 
as air temperature fluctuations inside the external cavity. 
The temperature of the whole setup is stabilized to 15°C 
with a Peltier element. 
 
Fig. 2. Laser output power versus the incident pump power without any 
intracavity element (black squares), under single-frequency at 852 nm with 
the intracavity etalon (red circles) and under 2-frequency operation at 852 
nm with the etalon and the YVO4 plate (blue triangles). 
Without any intracavity element, the laser oscillates in 
multi-longitudinal modes around λ = 856 nm; the laser 
threshold is 0.15 W, and the output power reaches 92 mW 
for an incident pump power of 0.66 W, limited by the 
thermal roll-over of the active structure (Fig. 2). 
Wavelength-tunable single-frequency operation of the laser 
is obtained with an intracavity 25 µm-thick silica etalon 
(FSRE ≅ 4 THz = 10 nm). Due to higher intracavity losses, 
the laser threshold increases to 0.17 W. The output power 
decreases to 68 mW for single-frequency emission at 856 
nm, and 48 mW at 852 nm. It is noteworthy that in this 
configuration, the laser emission is linearly polarized, 
parallel to the long axis of the pump ellipse due to the slight 
pump-induced gain anisotropy of the semiconductor active 
region. The output beam is circular and single transverse 
mode. 
III. DUAL-FREQUENCY EMISSION LASER 
The principle of the dual-frequency emission of the 
VECSEL lies on a controlled phase anisotropy inside the 
laser cavity [4]. In our experiment, a 200 µm-thick, 
antireflection coated, birefringent YVO4 plate cut at 45° to 
its optic axis is introduced in the laser cavity between the 
Fabry-Perot etalon and the active structure (Fig. 1). The 
phase anisotropy of the YVO4 plate results in two different 
cavity lengths, respectively for the ordinary and 
extraordinary polarizations, and subsequently in two 
different combs of longitudinal modes. Additionally, the 
YVO4 plate separates the cross-polarized laser beams from a 
distance d = 20µm on the active structure, in the longer axis 
of the pump ellipse. This separation reduces the nonlinear 
coupling between the two modes and ensures a stable 
dual-frequency dual-polarization emission [9]; nevertheless 
it is small enough to maintain a good overlap between the 
pump beam and the two laser spots (Fig 1.). Still, the 
cross-polarized beams share most of the cavity length, and 
thus experience the same mechanical and thermal 
fluctuations, which should result in an inherent high-purity 
beat-note in the microwave range. As the birefringent plate 
introduces additional losses in the laser cavity, the laser 
threshold increases to 0.21 W. The laser emission is purely 
single-frequency on each polarization, with equal output 
powers of 19 mW at the incident pump power of 0.6W (Fig. 
2). 
The frequency difference ∆ν between the two 
cross-polarized laser lines is directly related to the free 
spectral range of the laser cavity FSRC, the YVO4 plate 
thickness e and the intracavity phase anisotropy, and can be 
approximated by  
Δ� = �! − �! ≅
��×�
�
�
�
± �×���!  
where c is the light velocity, Δn is the difference between 
the refractive indices at each polarization, L is the laser 
cavity length, λ is the laser wavelength and k is an integer. 
The two cross-polarized modes oscillate at frequencies 
corresponding to their lowest roundtrip optical losses. As 
the spectral selectivity FSRE of the Fabry-Perot etalon is 
much broader than the distance between cavity modes FSRC, 
the cross-polarized modes may oscillate a few FSRC apart. 
The actual frequency difference is not known a priori, but 
can be adjusted by a fine adjustment of the etalon angle, and 
by tilting the YVO4 plate taking benefit of the dependency 
of the YVO4 birefringence with the incidence angle. 
Experimentally, the frequency difference Δν takes discrete 
values, from few GHz to hundreds of GHz. It is 
continuously tuned over a few MHz with the cavity length. 
Figure 3 (top) shows the high-resolution optical spectrum of 
the dual-frequency laser in a configuration for which ∆ν  
is smaller than the FSR of the laser cavity; thus the laser 
operates on two adjacent cross-polarized modes. The 
dual-frequency emission is also evidenced in the RF 
beat-note spectrum obtained by mixing the cross-polarized 
lines with a polarizer oriented at 45° of their axes and 
focusing the laser beam onto an ultrafast InGaAs MSM 
photodetector followed by a RF amplifier (Fig. 3 bottom). 
The beat-note spectrum width, measured on a electrical 
spectrum analyzer, is ~ 150 kHz (FWHM), limited by 
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residual mechanical vibrations of the birefringent plate 
which induce a jitter of the beat-note frequency over the 100 
ms averaging time (Fig.3). From similar experiments 
[5][10], we expect the instantaneous beat-note width to be 
below 4 kHz under free-running operation, and below 1 Hz 
with a phase-locking loop on a microwave reference. Even 
without active stabilization of the cavity length, the 
beat-note frequency drift remains below 500 kHz on a 1 mn 
time thanks to the stability of our mechanical setup. 
 
 
Fig. 3. (top) Dual-frequency laser spectrum measured with a 
Fourier transform optical analyzer (resolution = 2 pm); (bottom) 
Averaged RF beat-note spectra with different resolution 
bandwidths (left : RBW = 100 kHz; right : RBW = 30 kHz). 
 Finally, the laser line has been stabilized onto an atomic 
hyperfine transition of the Cs D2 line at 852.14 nm; the laser 
frequency at the ordinary polarization has been locked to the 
side of a Doppler-free saturated absorption line through a 
low-bandwidth (f <1kHz) servo loop on the piezoelectric 
transducer glued onto the output coupler. The 
root-mean-square (RMS) frequency error signal is < 500 
kHz on 100 ms, which is an evaluation of the global 
frequency fluctuations of the laser frequency relatively to 
the atomic reference. It is comparable to our previous results 
under single-frequency emission with a 
single-transverse-mode pump laser source [8], making us 
confident that the laser linewidth on each polarization would 
be compatible with the requirements for the CPT atomic 
clock experiment. This is further confirmed by the narrow 
linewidth of the Doppler-free absorption lines excited by the 
laser. Though the laser cavity length was stabilized, the RF 
beat-note linewidth remains unchanged, which confirmed 
that it is principally limited by the birefringence instabilities 
within the laser cavity. 
IV. CONCLUSION 
We have demonstrated the dual-frequency and 
dual-polarization operation of a diode-pumped 
vertical-external-cavity semiconductor laser emitting at the 
Cs D2 line at 852 nm, with a frequency difference in the 
microwave range. The output power at each frequency 
reaches 19 mW. In this experiment, the frequency difference 
Δν between the two cross-polarized beams was fixed by the 
birefringent component; in the next future, the addition of an 
intracavity electro-optic modulator will allow to phase-lock 
the frequency difference Δν at 9.2 GHz and then stabilize to 
Cs hyperfine splitting. This work is thus the first step 
towards the realization of a new laser source for the 
production of a coherent pair of tunable optical frequencies 
dedicated to CPT atomic clocks. 
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